Background: Molecular rotors are fluorescent molecules that exhibit viscosity-dependent fluorescence quantum yield, potentially allowing direct measurements of cell membrane viscosity in cultured cells. Commercially available rotors, however, stain not only the cell membrane, but also bind to tubulin and migrate into the cytoplasm. We synthesized molecules related to 9-(dicyanovinyl)-julolidine (DCVJ), which featured hydrocarbon chains of different length to increase membrane compatibility.
Introduction
Membrane viscosity is a physical property of the cell, which describes the movement of molecules within the phospholipid bilayer. In general, membrane viscosity depends on the chemical composition of the bilayer and is shown to have optimum values for the proper function of various membrane-bound enzymes and receptors. For example, arti¢cial phospholipid bilayers were found to have viscosity values between 70 and 120 cP, depending on the temperature [1] , while in human epidermal cells, viscosity values ranging from 30 to 100 cP have been reported [2] . In liver cells, viscosities ranged from 108 to 217 cP [3] .
Depending on the membrane viscosity (or membrane £uidity, which is its reciprocal), phospholipids and membrane-bound proteins show di¡erent vertical and lateral displacements, as well as lateral and rotational di¡usion behavior [4] . Consequently, changes in membrane viscosity have been linked with alterations in physiological properties, such as carrier-mediated transport, activities of membrane-bound enzymes and receptor binding [5] . In addition, variations in membrane viscosity are linked to a variety of diseases, such as atherosclerosis [6] , cell malignancy [7] , hypercholesterolemia [8] and diabetes [9, 10] .
Further examples include an increase in membrane viscosity in several blood cells and speci¢c brain cells in patients with Alzheimer's disease [11, 12] . Increased membrane viscosity is also associated with aging [13] . Erythrocytes showed permanently increased membrane viscosity, thus altering hepatic microcirculation [14] . Furthermore, endothelial cells are able to sense £uid shear stress through the cell membrane [15] and e¡ect changes that serve to maintain a speci¢c level of £ow in blood vessels [16] .
The importance of membrane viscosity in cellular biology and physiology led to the development of £uorescent-based methods for quantitative measurements. To date, there are three dominant methods to measure membrane viscosity: (a) £uorescence recovery after photobleaching (FRAP), in which measurement of the di¡usivity of a £u-orophore in the membrane is related to membrane viscosity [17] , (b) £uorescence anisotropy, in which the out-ofplane rotation of a £uorophore is related to membrane viscosity [18] and (c) use of environment-sensitive £uores-cent probes. In the latter category are included compounds such as 2-dimethylamino-6-lauroylnaphthalene, whose emission wavelength shifts with the viscosity of the medium [19] and 9-(dicyanovinyl)-julolidine (DCVJ, 1) with a viscosity-dependent £uorescence quantum yield.
The intriguing £uorescent properties of DCVJ ( Fig. 1 ) rest upon its ability to lose excited state energy either by radiation or by intramolecular rotation, the ratio of which depends on the free volume of the microenvironment [20] . This ability has de¢ned a new class of molecules, commonly referred to as molecular rotors, that were found to react instantly (within 10 ns) to changes in the environment, thereby allowing real-time measurements with high temporal and spatial resolution. Moreover, in the case of DCVJ, its £uorescence quantum yield was shown to increase by a factor of 30 when the solvent was changed from 1-propanol to glycerol [1] . Due to the above properties, DCVJ has been employed to address a wide variety of problems, including polymerization processes [20] , tubulin remodeling [21] , and membrane viscosity measurements in liposomes and micelles [1] . More recently, DCVJ was employed to probe changes of membrane viscosity induced by £uid shear stress in cultured cells [22] . Nonetheless, the use of DCVJ in membrane viscosity measurements is often limited by its poor water solubility, which renders the preparation of DCVJ-based staining solutions problematic. For experiments on liposomes [1] , this di¤culty can be overcome by preparing a DCVJ-stained phospholipid base before forming the liposomes. In cultured cells, DCVJ can be bound to serum proteins [22] , but their binding capacity is limited. Furthermore, protein-bound DCVJ migrates readily into the cytoplasm, thus adding a high level of constant background signal during biophysical measurements thereby reducing the sensitivity of the probe.
In light of the side e¡ects mentioned above, it was deemed desirable to obtain a £uorescent molecule that has the viscosity-dependent properties of DCVJ, but shows a higher a¤nity to the cell membrane. For this purpose, we synthesized various compounds (2a^2g), in which one of the nitrile functions of DCVJ was replaced by a carboxylic ester bearing aliphatic hydrocarbon chains of di¡erent length. Our results demonstrate clearly that it is possible to alter the chemical structure of DCVJ, as shown in Fig. 1 , without a¡ecting its viscosity-dependent £uorescence properties. Speci¢cally, compounds 2b^2g have very similar viscosity-dependent £uorescence properties with DCVJ, but improved membrane localization. Moreover, the farnesyl-containing probe 2g (farnesyl-(2-carboxy-2-cyanovinyl)-julolidine, FCVJ) displayed a dramatically (more than 20-fold) higher sensitivity than DCVJ when probing membrane viscosity changes and was shown to be more stable than 1 against photobleaching.
Results

Synthesis of the molecular rotors
The synthesis of compounds 2a^2g is shown in Fig. 2 . Commercially available (Aldrich) julolidine 3 was formylated with phosphorus oxychloride and dimethylformamide to a¡ord aldehyde 4 in a 95% yield. The desired Lcyanoesters 7 were obtained via dicyclohexyl carbodii- Fig. 1 . Chemical structure of DCVJ (1) and the basic structure of the compounds synthesized. One of the nitrile functionalities of DCVJ has been replaced by a carboxylic group, allowing the addition of hydrocarbon chains R. Fig. 2 . Synthesis of the compounds 2a^2g. Julolidine 3 was formylated to a¡ord julolidine aldehyde 4. The L-cyanosters 7 were obtained by esteri¢ca-tion of cyanoacetic acid 5 with the corresponding alcohol 6. Condensation of the esters 7 with julolidine aldehyde 4 produced the desired probes 2.
mide-induced esteri¢cation of cyanoacetic acid (5) with the corresponding alcohols in 80^95% yield. Condensation of esters 7 with aldehyde 4 in the presence of triethylamine produced the desired probes 2a^2g in very good yields (90^95%). These compounds were puri¢ed by chromatography on silica gel and crystallized twice prior to use.
Physical properties of the synthesized probes
Absorption and emission maxima of the examined compounds were all in the blue and green range, respectively, with emission maxima between 490 and 505 nm and two distinctly di¡erent excitation maxima. The ¢rst lies at about 405 nm, and the second, major, maximum in the range of 450^490 nm. Fig. 3 shows the excitation and emission spectra of DCVJ and FCVJ. The other compounds exhibited very similar spectra. The excitation and emission maxima are listed for all compounds in Table 1 .
All compounds exhibited a viscosity-dependent £uores-cence emission, while a viscosity-dependent change of the emission wavelength could not be detected. Using media with di¡erent viscosities (di¡erent mixtures of glycerol and ethylene glycol), it was possible to verify the double logarithmic relationship of quantum yield and viscosity (Fo « rster^Ho¡mann equation, Eq. 3) which was established for DCVJ [1, 15] . Furthermore, all compounds showed similar values of x in Eq. 3. This indicates that the photophysical properties of the molecular rotor had not been a¡ected by the attachment of the hydrocarbon chain.
Only 2a is water-soluble. Therefore, staining solutions were prepared using fetal calf serum (FCS) and bovine serum albumin (BSA) as carriers. All compounds, with the exception of 2f, could be solubilized in aqueous media by binding it to BSA. Using FCS as a carrier, compounds 2e and 2f were insoluble, and compound 2d as well as DCVJ showed a low solubility with precipitates forming within a few hours after the media preparation. The cells grown and stained on the £ow chamber glass slides also exhibited the characteristic £uorescence emission spectrum of DCVJ. Under the microscope, the staining of the cells could be observed. In spite of its direct water solubility, 2a was the only probe that did not stain the cell membrane in a signi¢cant way. 
Measurement of membrane viscosity changes in cultured cells
Step-shaped £ow pro¢les of a successively rising magnitude were applied to the cell layer. In all cases, a marked decrease of emission intensity could be observed when £ow was turned on, followed by a recovery of the intensity when the £ow was turned o¡. To quantitatively analyze the sensitivity to shear stress, the average intensity of each phase of shear stress was subtracted from the average intensity during low shear stress (0.07 Pa), resulting in data pairs of intensity change over shear stress increase (Fig. 4) . Linear regressions were computed from these data pairs, and tests for statistical signi¢cance (t-test) as well as the deviation from linearity (runs test) were performed. Compounds 2b, 2c, 2d and FCVJ showed a higher amplitude of the intensity when used to probe shear stress in cells than DCVJ (P 6 0.0001 for compounds 2b, 2d and FCVJ, P = 0.07 for 2c). The data points (Fig. 4) showed no signi¢cant deviations from the straight line (runs test, values ranging from P = 0.2 for DCVJ to P = 1.0 for 2b). These results, as well as the amplitude of the response, are summarized in Table 1 .
FCVJ had the strongest response to shear stress. The amplitude of the £uorescence change in stained cells exposed to shear stress was more than 20 times higher than it could be observed with DCVJ. Fig. 5 shows the measured intensities of the £uorescence of DCVJ in comparison to FCVJ in stained cell membranes as a response to step changes of £uid shear stress of di¡erent magnitudes in an experimental set-up similar to the one described in [22] . The signal-to-noise ratio was signi¢cantly lower. While a statistically signi¢cant detection of shear stress with DCVJ was possible with values higher than 0.6 Pa [22] , FCVJ allowed the detection of changes lower than 0.1 Pa (data not shown).
Microscope images indicated that rotors with longer chains exhibited slower migration rates and less intense cytoplasmic staining. In the confocal images ( Fig. 6 ), nucleole staining became visible for compounds with shorter chains, including DCVJ and compound 2c. Stained nucleoles were not visible for compounds 2d and FCVJ. This indicates lower intracellular migration rates of these probes.
The stability against photobleaching was also tested in compounds 2c, 2g and DCVJ. In a stained cell monolayer, all probes degraded under the in£uence of the excitation light in an exponential fashion. FCVJ (2g) showed a signi¢cantly higher stability against photobleaching than DCVJ. In a stained cell monolayer, all compounds degraded under the in£uence of the excitation light. With DCVJ, the half-life was 96 s. The half-life of compound 2c was 70 s, and that of FCVJ was 112 s (Fig. 7) , both signi¢cantly di¡erent from DCVJ (P 6 0.0005). . Measured signal intensity of cells stained with DCVJ and FCVJ (2g) as a response to di¡erent step stimuli of shear stress. Both curves were subjected to a noise ¢lter and an exponential correction for photobleaching. FCVJ shows a dramatically higher response. This allows a signi¢cantly higher sensitivity, while the noise component is greatly reduced. Fig. 6 . False-color images of stained cells generated with a confocal microscope. Out of the Z-stack (small images), two planes have been selected: one plane through the middle of the cell (blue dashed line), colored blue, and one along the top of the cell (red dashed line), colored red. Both planes are overlaid, resulting in a red^blue image, where blue indicates cytoplasmic staining and red the staining in the cell membrane at the top of the cell. It can be seen that the membrane staining in the left image (FCVJ) is signi¢cantly higher than in the right image (DCVJ). Also, DCVJ exhibits nucleole staining, which cannot be observed with FCVJ. Cross sections in Z-direction along the white dotted lines in the upper image, which are displayed in the small lower images, also show a stronger £uorescence in the region above the nucleus for FCVJ, which cannot be seen with DCVJ. Fig. 7 . Decay of £uorescence intensity of the probes in stained cells due to photobleaching. FCVJ shows a signi¢cantly higher decay half-time than DCVJ (P 6 0.0005). Compound 2c, however, is less stable than DCVJ.
Discussion
Most often, measurement of membrane viscosity is carried out using FRAP or £uorescence anisotropy. The method of FRAP is based on directing a focused laser beam at the cell membrane, which destroys the £uorescent dye in a de¢ned region. Di¡usion within the membrane allows dye from the neighboring environment to migrate into the bleached spot. The half-life of the £uorescence recovery is inversely proportional to the di¡usion coe¤-cient of the dye [23] , which in turn is proportional to the £uidity. There are two major disadvantages associated with FRAP. Firstly, the measurement process is slow, since times between 20 and 60 s are required in order to allow su¤cient recovery for the reliable determination of the half-life. This fact strongly limits the temporal resolution of any FRAP measurement and does not permit measurement of dynamic processes. Secondly, FRAP is limited in its resolution, as reduction of the radius of the bleached spot increases the error associated with the measurement. In addition, the bleaching pulse introduces power densities up to 1 MW/cm 2 to the membrane [23] , leading both to the generation of free radicals by photolysis as well as local heating with potential damage to proteins [23] . Especially the second e¡ect may cause artefacts, because the resulting cross-linking of the proteins [23] leads to decreased membrane di¡usivity.
Membrane viscosity measurements by £uorescence anisotropy utilize the fact that certain molecules can only be excited by light waves in one polarization plane. The emitted light, again, is polarized. During the excited lifetime, the molecule can rotate, thus shifting the plane of emitted light. The ratio of emitted light parallel versus perpendicular to the plane of excitation is a nonlinear function of the viscosity [18] . While the spatial resolution is essentially determined by the limits of the microscope, rapid photobleaching of the probes both con¢nes the maximum sensitivity and the exposure time of the probe to the excitation light. Furthermore, the polarizing ¢lters in the emission light path generally absorb a signi¢cant portion of the emitted light. Moreover, it was shown in a recent study that the deformation of cells caused by shear stress may produce artifacts that are similar to an increase in membrane £uidity [24] , which makes anisotropy observations di¤cult to interpret.
More recently, environment-sensitive probes have been used in membrane viscosity studies. In this category of £uorescent probes belong a group of compounds that have been shown to undergo intramolecular charge transfer when excited by photon absorption [25] . One member of the group, DCVJ (1), has been extensively characterized. For the intramolecular charge transfer, the julolidine group functions as the electron donor, and the dicyanogroup as electron acceptor [25] . The relaxation of the excited state can either occur through photon emission or non-radiative processes [26] . When k r and k nr represent the rates of radiative and non-radiative relaxation, respectively, the quantum yield x is expressed by [26] :
Since the reorientation of the rotor, the process which leads to the non-radiative relaxation, is dependent on the free volume of the environment, the quantum yield depends on the temperature T and the viscosity R of the medium according to [26] :
CP and x are constants. In a simpli¢ed form, and under the assumption of a constant temperature, this relationship is also known as the Fo « rster^Ho¡mann equation [27] :
For DCVJ, the constant x has been shown to be 0.6 [27] . Experiments that were conducted in media with di¡erent viscosities have con¢rmed Eq. 3 [1] . If the absorbed light intensity I ab is known, the emission intensity I em and the quantum yield are directly proportional through I em = I ab x [26] . Therefore, changes in the viscosity of the environment can be directly determined by measuring the emission intensities I 1 and I 2 before and after the viscosity change. With the corresponding viscosities R 1 and R 2 , and under the assumption of constant temperature and constant absorption, Eq. 4 can be obtained [22] :
In Eq. 4, a background intensity I 0 , the non-£uorescent amount of light caused by ¢lter bleed-through, scatter and ambient light, has been allowed for. Depending on the measurement setup, the background intensity may not be negligible.
The assessment of membrane viscosity using molecular rotors overcomes the limits posed by FRAP or £uores-cence anisotropy measurements. The spatial resolution of the method is potentially as high as it is for £uorescence anisotropy, because it is primarily limited by the optics of the microscope. The molecular rotor also responds to changes of viscosity almost instantaneously (within the nanosecond range) [25] . This allows a very high temporal resolution of the measurements, so that dynamic observations become possible.
The major disadvantage associated with DCVJ when used to probe cell membranes is the a¤nity for tubulin and proteins in the cytoplasm. The experiments presented in [15] are based on cultured cells, where a signi¢cant cytoplasmic staining exists, and a continuous exchange of the dye between the cytoplasm and the membrane takes place. Both the cytoskeleton with its slow response to shear stress [28, 29] , and the cytoplasm, which slightly increases viscosity with shear stress [30] , do not contribute to the signal measured, but provide a background £uores-cence which reduces the measurement sensitivity. Furthermore, the relative intensity of the background is unknown and not easily determined, making quantitative measurements of membrane viscosity changes di¤cult.
To address the above issues encountered with DCVJ (and related rotors), we have synthesized several £uores-cent probes, structurally related to DCVJ, with hydrophobic chains of di¡erent length attached to it. All probes synthesized showed a similar photophysical behavior to DCVJ with excitation and emission wavelengths in the same range. Also, the dependency of the quantum yield on the viscosity of the environment (slope x in Eq. 3) was similar. This shows that the modi¢cations performed do not inhibit the function of the rotor, i.e. that the molecule can lose its excited state either through intramolecular rotation or through photon emission, depending on the viscosity of the environment.
Tests were performed to determine whether each compound is suitable for membrane viscosity measurements. In the ¢rst step, the £uorescent properties of each probe were determined. All compounds were similar in their physical properties. In the second step, solubility in aqueous media was determined, a prerequisite for the staining of attached cells. Both BSA and FCS may be used as a carrier. BSA binding was possible for all compounds except 2f. The probes with shorter chains, 2a through 2d, as well as FCVJ, were also soluble in media prepared with FCS. Due to its carboxylic acid, 2a is directly water-soluble. All compounds capable of binding to serum albumins were then tested for their cell staining capability. All compounds except 2a and 2f were able to stain cells. Finally, stained cells were submitted to shear stress, and the £uo-rescence intensity change as a function of the shear stress applied was recorded and compared between the compounds. Out of ¢ve probes tested (2b through 2e, and 2g), 2c showed a similar response to DCVJ when used to test cells exposed to shear stress, while 2b, 2d and FCVJ showed a higher amplitude of the response.
FCVJ (2g), a rotor in which a farnesyl group was attached to the julolidine part via an ester bond, showed a superior response when probing cell membrane viscosity changes than all other probes, including DCVJ. Farnesyl is a hydrocarbon chain that improves membrane localization [31, 32] . Substituting R for farnesyl (Fig. 1) resulted in a dye that shows an improved a¤nity for the cell membrane over DCVJ. This leads to a slower migration into the cytoplasm, a lower background signal and a higher signal-to-noise ratio in the measured intensity timecourses. The confocal images (Fig. 6) show that FCVJ can be found in the membrane at a higher concentration. With the given z-resolution of the confocal microscope, it is di¤cult to distinguish between the cell membrane on top of the nucleus and the cytoplasm layer between the nucleus and the membrane, but it is reasonable to assume that with an active exchange of the dye between the cytoplasm and the membrane, both layers would be stained.
According to the confocal images, DCVJ and the shortchained compound 2b showed a high a¤nity for the cytoskeleton, and both dyes can be found in the nucleoles (Fig.  6) . With compound 2d, there is less tubulin staining and no nucleole staining. This suggests that longer chains allow a stronger binding of the dye to the membrane, and also reduces the migration into the inner compartments of the cell.
Experiments have shown that some of the compounds, particularly FCVJ, show a higher resistance to photobleaching, than DCVJ. This makes FCVJ a more adequate probe for long-term photophysical measurements. It should be noted that the half-life of DCVJ is about 501 00 times higher than the half-life of 1,6-diphenyl-2,3,5-hexatriene, a probe commonly used for viscosity measurements through £uorescence anisotropy under the same conditions.
The presented results show a signi¢cant improvement over DCVJ by combining a farnesyl chain with a molecular rotor with respect to membrane localization, stability against photobleaching, and sensitivity of membrane viscosity measurements. Membrane viscosity changes could be detected for £uid shear stress as low as 0.1 Pa, while DCVJ did not lead to statistically signi¢cant changes for shear stress values of 0.6 Pa and below [15] . However, cytoplasmic staining still persists even for FCVJ, which likely is a consequence of the cell metabolism. Further experiments are required to determine if the metabolic activity of the cell can be inhibited, and to what extent such an inhibition would a¡ect the cell membrane viscosity.
Signi¢cance
Molecular rotors are new and promising tools for cell membrane viscosity measurements. One of the applications is the measurement of cell membrane viscosity in cultured cells or in vivo: membrane viscosity changes are crucial in the understanding of many signaling processes and diseases. Commercially available rotors such as DCVJ, however, are associated with disadvantages such as binding to the cell cytoskeleton and migration into inner compartments of the cell. While DCVJ allows the measurement of cell membrane viscosity changes, a higher sensitivity can be expected from DCVJ-derived molecules that show a higher a¤nity to the membrane.
We synthesized a group of related compounds that are composed of a DCVJ-like rotor and a hydrocarbon chain. These molecules retain their viscosity sensitivity, but show a higher a¤nity for the cell membrane with increasing chain length. This is generally associated with a higher amplitude of the £uorescence intensity change that can be observed when changes of membrane viscosity occur. Notably the attachment of a farnesyl chain leads to a more than 20-fold increase in amplitude over DCVJ. This new molecular rotor, referred to as FCVJ, improved the signalto-noise ratio, thereby allowing the measurement of far smaller viscosity changes than DCVJ.
Materials and methods
Synthesis of aldehyde 4
To a solution of julolidine (3) (0.5 g, 2.88 mmol) and N,Ndimethyl formamide (0.27 ml, 3.46 mmol) in dichloromethane (5 ml), was added dropwise phosphorous oxychloride (0.29 ml, 3.17 mmol) and the mixture was stirred at 25³C for 8 h. The reaction was treated with an aqueous solution of sodium hydroxide (2 M) and the mixture was stirred at 0³C for 4 h. The organic layer was extracted with ethyl ether (3U10 ml), collected, dried (MgSO 4 ) and concentrated under reduced pressure. The residue was crystallized twice from dichloromethane/hexane (1:10) to afford aldehyde 4 (0.55 g, 2.74 mmol, 95% yield). 4: Colorless solid; R f = 0.37 (silica, 30% ethyl ether in hexanes); 1 
Synthesis of farnesyl ester 7g
To a solution of cyanoacetic acid (5) (0.43 g, 5 mmol) and trans,trans-farnesol (6g) (1.11 g, 5 mmol) in dichloromethane (5 ml) was added DCC (1.03 g, 5 mmol) and the mixture was stirred at 25³C for 10 h. The reaction was then diluted with dichloromethane (20 ml) and the formed DCU was ¢ltered under gravity. The ¢ltrate was dried (MgSO 4 ) and concentrated and the residue was puri¢ed by column chromatography (silica, 5^10% ethyl ether in hexane) to a¡ord farnesyl ester 7g (1.39 g, 4.8 mmol, 96% yield). 7g: Colorless oil; R f = 0.63 (silica, 30% ethyl ether in hexanes); IR (¢lm) X max 2968. 6 
Synthesis of FCVJ 2g
To a solution of farnesyl cyanoacetic ester (7g) (1.08 g, 3.73 mmol) and aldehyde 4 (0.5 g, 2.48 mmol) in tetrahydrofuran (15 ml) was added triethylamine (0.7 ml, 5 mmol) and the mixture was stirred at 50³C for 10 h. After consumption of the starting material, the reaction mixture was concentrated and the residue puri¢ed by column chromatography (silica, 10% ethyl ether in hexane) to a¡ord FCVJ (2g) ( For the determination of the relationship between quantum yield and viscosity of the medium, mixtures of ethylene glycol and glycerol were prepared. Di¡erent viscosities were achieved through di¡erent vol/vol mixture ratios of ethylene glycol:glycerol as follows: 7:3 (49 cP), 5:5 (115 cP), 4:6 (163 cP), 3:7 (245 cP), 2:8 (391 cP) following an experiment described in [33] . 3.5 ml of each of these mixtures was ¢lled into a spectroscopic cuvette under addition of 10 Wl of probe stock solution (10 mM probe in methanol). The emission intensity of each of the ¢ve samples was acquired using an RF-1501 £uorophotospectrometer (Shimadzu, Kyoto, Japan) set at V excitation = 455 nm and V emission = 505 nm.
For the experiments on cultured cells, procedures similar to the ones described elsewhere [15] were used. Brie£y, human umbilical cord endothelial cells were harvested using fresh umbilical cords, where the veins were treated with a 0.02% solution of collagenase in phosphate-bu¡ered saline solution for 30 min at 25³C [34] . The cells were suspended in culture medium (Medium M199 with 2 mM L-glutamine, 50 U/ml penicillin, 50 Wg/ml streptomycin and 20% FCS) and seeded on tissue culture dishes. These dishes were kept in the incubator at 37³C in CO 2 enriched air (5% CO 2 ) until con£uency was reached. Once con£uency was achieved, the cells were lifted with cell dissociation solution and resuspended in Dulbecco's modi¢ed Eagle's medium with 20% FCS at a concentration of 2.5U10 6 cells/ml. Aliquots of 350 Wl of the suspension were used to seed the cells on glass slides (dimensions 10U40 mm) that were previously treated for 2 h with 0.5 M NaOH. The cells attached and formed a con£uent layer within 24 h. A staining solution was prepared from 50 Wl stock solution of 20 mM of the examined probe in dimethyl sulfoxide (DMSO), which was dispersed in 2 ml FCS under vigorous stirring. 10 ml medium M199 was added. The slides with the cells were covered with the staining solution. Incubation took place over 10 min in the dark at 37³C. After the incubation period, the cells were rinsed with HBSS, and the £uorescence checked under an epi£uorescent microscope (Diaphot TMD, Nikon, Garden City, NY, USA) using the G2B ¢lter set. Flow chambers were assembled using a standard methacrylate spectroscopic cuvette (Fisher Scienti¢c, Pittsburgh, PA, USA) and a parallel-plate black Delrin £ow chamber with a channel width of 6 mm and a depth of 500 Wm. The £ow channel was formed between the £ow chamber wall and the glass slide with the con£uent cell monolayer. In the parallel-plate £ow chamber, the following relationship between £ow Q and wall shear stress d holds:
where W is the viscosity of the medium, h is the channel depth and w is the channel width. On the Shimadzu RF-1501 £uorophoto-spectrometer with time-course module, excitation wavelength was set to 455 nm, and emission wavelength to 505 nm. An additional 475 nm LP emission ¢lter (Chroma, Brattleboro, VT, USA) For DCVJ and compounds 2b, 2c, 2g, confocal images were acquired to more accurately determine the localization of the dye. Z-Sections of 200 Wm thickness were obtained on a BioRad MRC-1024 confocal microscope using the FITC program. For DCVJ as well as compounds 2c and 2g, the resistance against photobleaching was tested by acquiring one image of the stained cells every 15 s using the epi£uorescent microscope. In each of three independent experiments, the average intensity of the con£uent cell area in the ¢eld of view was determined in each frame using Scion Image (Scion, Frederick, NY, USA). A one-phase exponential decay curve was ¢tted into the data points and the half-life of the compound was calculated.
